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We demonstrate that silicon carbide (SiC) with natural isotope abundance can preserve a coherent
spin superposition in silicon vacancies over unexpectedly long time approaching 0.1 seconds. The
spin-locked subspace with drastically reduced decoherence rate is attained through the suppression
of heteronuclear spin cross-talking by applying a moderate magnetic field in combination with
dynamic decoupling from the nuclear spin baths. We identify several phonon-assisted mechanisms
of spin-lattice relaxation, ultimately limiting quantum coherence, and find that it can be extremely
long at cryogenic temperature, equal or even longer than 8 seconds. Our approach may be extended
to other polyatomic compounds and open a path towards improved qubit memory for wafer-scale
quantum techmologies.
PACS numbers: 76.30.Mi, 42.50.Dv, 76.70.Hb
Introduction — Long electron quantum coherence in
solid-state systems is the ultimate prerequisite for new
technologies based on quantum phenomena [1, 2]. Par-
ticularly, the sensitivity of quantum sensors scales with
the electron spin coherence time T2 [3, 4]. One of the
common sources of decoherence is the interaction with
fluctuating nuclear spins, and the usual way to prolong
spin coherence is to perform isotope purification of the
crystal. Indeed, the longest electron T2 times of about
1 s and 0.6 s have been reported for spin-free silicon 28Si
and diamond 12C crystals, respectively [5, 6]. However,
isotope purification is a technologically demanding pro-
cedure, which is not always possible. Therefore, one of
the key challenges in quantum information science is to
achieve long-lived spin coherence in natural materials.
To address this goal, we combine two approaches.
First, we exploit the suppression of mutual spin flip-flop
processes between different types of nuclei in binary com-
pounds, which occur in strong enough magnetic fields ac-
cording to the theoretical simulations of Ref. [7]. Second,
we use a periodic train of radiofrequency (RF) pulses to
refocus spin coherence and decouple electron spins from
inhomogeneous environment, similar to that applied for
color centers [6] and quantum dots (QDs) [8].
In recent years, SiC is attracting continuously grow-
ing interest as a technologically perspective platform for
quantum spintronics [9–17] with the ability for single spin
engineering and control [18–21]. The longest T2 in SiC
reported to date is 1 ms at cryogenic temperature [19].
We observe that in a finite magnetic field, a coherent
spin superposition can be locked over longer time, which
continuously increases up to about 75 ms with the num-
ber of decoupling pulses. The absence of saturation in-
dicates that the longest possible spin locking time T SL2 is
not reached in our experiments. We estimate the satura-
tion level to be approximately T SL2 → 0.3 s, which can be
viewed as the upper boundary for T2 [6, 22]. Although
we demonstrate the preservation of one spin component
only, this spin locking can still be used for quantum sens-
ing with extraordinarily sensitivity [22–25]. Remarkably,
the observed T SL2 time is within the same order of mag-
nitude with the T2 record values in the solid state but
achieved without isotope purification of the crystal.
Coherent control — All results reported here are ob-
tained using a commercial 4H-SiC wafer. We use electron
irradiation to generate silicon vacancies (VSi) [Fig. 1(a)]
[26]. They possess spin S = 3/2 ground state [13], which
is split in two sublevels mS = ±1/2 and mS = ±3/2
in zero magnetic field. We concentrate on the V2-type
VSi with the zero-field splitting 2D = 70 MHz. Due to
optical pumping and spin-dependent photoluminescence
(PL), 2D is directly seen in optically detected magnetic
resonance (ODMR) experiments of Fig. 1(b) [14]. In an
external magnetic field B, the spin degeneracy is lifted
up resulting in four distinct resonances [27, 28]. Here,
we concentrate on the ν1 and ν2 ODMR lines [Fig. 1(b)],
corresponding to the transitions (−1/2 → −3/2) and
(+1/2→ +3/2), respectively.
Coherent spin manipulation is performed by means of
the pulsed ODMR technique [26]. In order to observe
Rabi oscillations, we vary the duration τ of the first RF
pulse and fix the duration of the second (reference) pulse
to 20 ns [Fig. 1(c)]. We drive the ν2 transition and the
spin polarization, measured as S = (PLA − PLB)/PLB,
oscillates with τ as [Fig. 1(d)]
S(τ) = −1
2
∆PL
PL
e−τ/TR cos ΩRτ + Cpi/2 . (1)
Here, the decay time is TR = 309 ± 13 ns and ΩR is the
angular Rabi frequency, which depends on the driving RF
power WRF. The ODMR contrast is ∆PL/PL = 0.32%.
For WRF = 6.3 W we obtain Cpi/2 = 0, meaning that the
reference pulse in Fig. 1(c) is equal to pi/2.
Spin-lattice relaxation — Having calibrated the pulse
duration, we first measure the spin-lattice relaxation time
T1, which determines the absolute limit for spin coher-
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FIG. 1: Room temperature coherent control of silicon vacancies in 4H-SiC. (a) A schematic representation of the VSi spin under
optical pumping. (b) ODMR spectra in zero magnetic field and in a magnetic field of 15 mT. The inset shows the VSi spin-3/2
splittings with growing magnetic field. The solid (dashed) lines represent the pumped mS = ±1/2 (depleted mS = ±3/2)
states. The vertical arrows indicate the RF induced spin transitions. (c) The AOM (pump laser) and RF switch sequences
to observe Rabi oscillations and to calibrate the pi/2 pulse. (d) Exemplary Rabi oscillations between the mS = +1/2 and
mS = +3/2 states at B = 32 mT. The solid line is a fit to Eq. (1). (e) Definition of different spin states on the Bloch sphere.
ence. Figure 2(a) shows the pulse sequence to obtain T1,
and exemplary measurements for different temperatures
are presented in Fig. 2(b). Each experimental curve is
fitted to a single-exponential function, yielding T1. We
find no variation of T1 with B as reported for the NV
centers in diamond [29], at least up to 31 mT. The fit of
Fig. 2(b) at room temperature yields T1 = 340 ± 30µs,
in agreement with earlier studies [11]. With decreasing
temperature, T1 increases by several orders of magnitude.
At the lowest temperature T = 17 K, the spin polariza-
tion preserves over 90% of its initial value in a timespan
of 1 s, and using the linear part of the exponential decay
we estimate T1 ≈ 8 s.
To gain insight into the spin-lattice relaxation pro-
cesses in SiC, we plot in Fig. 2(c) the relaxation rate
1/T1 against T in log-log scale. Our experimental data
can be perfectly fitted to a power law function
1
T1(T )
= A0 +A1T +A5T
5 +
R
e∆/kBT − 1 , (2)
which describes various phonon-assisted spin relaxation
mechanisms, similar to that reported for silicon and dia-
mond [5, 29]. For T > 120 K, thermally excited high-
energy phonons result in spin-lattice relaxation via a
two-phonon Raman process 1/T1 ≈ A5T 5 [dashed line
(3) in Fig. 2(c)] [30]. At intermediate temperatures, an
Orbach-like process through a vibrational state may be-
come significant 1/T1 ∝ (e∆/kBT − 1)−1 [dashed line (2)
in Fig. 2(c)] [30]. Here, ∆ ≈ 25 meV corresponds to the
energy of the local phonon mode at the VSi defect, which
can be roughly estimated from the separation between
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FIG. 2: Temperature dependence of the spin-lattice relax-
ation time. (a) A pulse sequence to measure T1 of the VSi
spins. (b) Measurements of T1 at different temperatures in
B = 0 mT and B = 31 mT. The solid lines are fits to
Pz = exp(−2τ/T1) [20]. The dashed line is an exponential
fit using the linear part of the decay for τ  T1. (c) Spin-
lattice relaxation rate 1/T1 as a function of temperature. The
solid and dashed lines represent a fit to Eq. (2). The values
of fitting parameters are summarized in table I.
the zero-phonon line and phonon sideband maximum in
the PL spectrum [21]. For T < 30 K, the relaxation
through single phonon scattering should be taken into ac-
count 1/T1 ≈ A1T [dashed line (1) in Fig. 2(c)] [30]. At
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FIG. 3: Spin-echo coherence time. (a) The pulse sequences to perform Ramsey (N = 0), SE (N = 1 and θ = 0◦) and CPMG
(N > 1 and θ = 90◦) measurements. Here, N is the number of piθ pulses with θ denoting the phase shift relative to the first
pi/2 pulse. (b) Ramsey and SE decay curves in zero magnetic field at room temperature. The solid line is a fit to exp(−τ/T SE2 ).
(c) Room temperature SE decay curve in a magnetic field of 15 mT, recorded at the ν1 resonance. The solid line is a fit to
Eq. (3). The inset represents the Larmor frequencies as a function of the magnetic field. Linear fits of these data give slopes
νa = 4.1±0.9 kHz/mT and νb = 5.2±0.9 kHz/mT. The size of the symbols represents the modulation depth. (d) SE coherence
time as a function of the magnetic field at different temperatures. The horizontal dashed lines are to show the saturation levels.
TABLE I: The parameters of spin-phonon interaction found
from the fit of the experimental data of Fig. 2(c) to Eq. (2).
We assume for simplicity A0 6 0.125 s−1 and ∆ = 25 meV.
A1 (K
−1s−1) A5 (K−5s−1) R (s−1)
1.0± 0.2× 10−2 1.1± 0.2× 10−9 300± 150
cryogenic temperatures, the cross relaxation with resid-
ual impurity/defect spins may also play a role. This spin
relaxation mechanism is temperature independent, and
from the experimental data of Fig. 2(c) we estimate the
longest achievable spin-lattice relaxation time to be at
least T1(0) = 1/A0 > 8 s.
Spin-echo coherence — The generalized pulse sequence
to measure the spin coherence time is presented in
Fig. 3(a). It is instructive to start with Ramsey inter-
ferometry of Fig. 3(b), giving the inhomogeneous spin
coherence time T ∗2 ≈ 300 ns. In spin echo experiments
with an additional refocusing (pi) pulse, the spin coher-
ence time can be significantly prolonged. In B = 0 mT,
we obtain the spin-echo coherence time T SE2 = 8 ± 2µs
[Fig. 3(b)]. Upon application of an external magnetic
field B‖c [Fig. 3(c)], we observe electron spin echo enve-
lope modulation (ESEEM) [10, 15, 19, 20]. In case of the
ν1 transition, it is well fitted to
S(τ) = ∆PL
PL
e−τ/T
SE
2
∏
j=a,b
(
1−Kj sin2 (piνjτ)
)
(3)
with two frequencies νa and νb, shifting linear with B
[the inset of Fig. 3(c)]. Similar frequencies were ob-
served for the divacancy ESEEM in SiC and associated
with the Larmor precession of 29Si and 13C nuclear spins
[10]. Remarkably, the ESEEM for the ν2 transition shows
more complex behavior [26] and agrees with the earlier
reported measurements on silicon vacancies in SiC [15].
The origin of this difference is unclear. Given that the
applied magnetic field B = 15 mT lies in the vicinity of
the excited-state level anticrossing [15, 27], the observed
asymmetry in the ESEEM may indicate dynamic nuclear
spin polarization [16].
From the fits to Eq. (3) [26], we also obtain T SE2 as a
function of B [Fig. 3(d)]. At room temperature, the spin
coherence time increases with growing magnetic field and
saturates for B > 11 mT at a level T SE2 = 47±8µs. This
value is slightly shorter than the spin coherence time of
single VSi centers [20], and such a magnetic field depen-
dence is in a qualitative agreement with the theoretical
prediction [7], though the T2 saturation is expected for
higher fields. The measurements of Figs. 3(a)-3(c) are
repeated at a temperature T = 17 K [26] and depict qual-
itatively the same field dependence (Fig. 3d). Without
external magnetic field, T SE2 is temperature independent,
and for B > 11 mT the spin coherence time saturates at
a higher level T SE2 = 130± 20µs.
Locking of spin coherence — In order to preserve a co-
herent state even longer as in the spin-echo experiments,
we dynamically decouple the VSi spins from the
29Si and
413C nuclear spin baths at 15 mT [Figs. 4(a) and 4(b)]. We
choose the Carr-Purcell-Meiboom-Gill (CPMG) pulse se-
quence for this purpose [31], which is successfully ap-
plied for the NV defects in diamond [6, 32]. Multiple
(N > 1) piθ pulses repetitively refocus spin coherence
and the phase shift θ = 90◦ makes the CPMG protocol
robust against pulse uncertainties [Fig. 3(a)]. With in-
creasing number of pi90 pulses, the ESEEM modulation
depth decreases and simultaneously the non-oscillating
contribution in S rises up. For N > 15, the ESEEM pat-
tern is not observed any more, indicating that the 29Si
and 13C nuclear spin baths are now decoupled.
In contrast to spin echo, the CPMG pulse sequence
provides single-axis dynamic decoupling. This means
that only one spin component Sx = (| + 1/2〉 + | +
3/2〉)/√2 is preserved, while the perpendicular compo-
nent Sy = (| + 1/2〉 + i| + 3/2〉)/
√
2 decays fast. In
other words, the VSi spin is locked along the x direc-
tion on the Bloch sphere [Fig. 1(e)]. In oder to mea-
sure the corresponding spin-locking time T SL2 and dis-
tinguish it from the spin-echo time T SE2 , we first justify
that Sx is indeed preserved even after a large number
of decoupling pulses. We perform quantum state tomog-
raphy [26], demonstrating that the state preservation fi-
delity FS varies between 1 and 0.7 for all N in the limit
τ → 0 [Fig. 4(c)]. With increasing free evolution time
Nτ , the spin polarization decreases and can be well fit-
ted to Px = (2FS − 1) exp
[−(Nτ/T SL2 )n] [26], as shown
in Figs. 4(a) and 4(b).
We first analyze T SL2 against N at room temperature
T = 295 K shown in Fig. 4(d). The spin-locking time
T SL2 (N) increases monotonically up to N = 100, follow-
ing a power law in the form
1
T SL2 (N)
=
1
T SL2 (0)N
κ
+
1
T SL2 (∞)
. (4)
Here, the scaling factor κ = 0.83 ± 0.05 slightly devi-
ates from the expected general scaling with κ = 2/3 [32]
and depends on the spin-bath dynamics [33]. The best
fit suggests the longest spin locking time for N  100
T SL2 (∞) = 230 ± 30µs. It is ultimately limited by the
spin-lattice relaxation time T1.
We now discuss experiments at T = 17 K presented in
Fig. 4(b). The spin-locking time T SL2 (N) continuously in-
creases with N [Fig. 4(d)]. For 200, 000 pulses, it reaches
T SL2 (200, 000) = 75 ± 35 ms with the state preservation
fidelity FS = 0.74 ± 0.12 (Fig. 4c). The relatively large
errors are caused by a consequently required longer inte-
gration time with increasing T SL2 , which is our limitation
at present. Using resonant optical excitation [11], one
can achieve significantly higher ODMR contrast [9], and
spin locking should be feasible for N > 200, 000 refo-
cusing pulses. The experimental points at T = 17 K of
Fig. 4(d) are also well fitted to Eq. (4) with the same
T SL2 (0) and κ as at room temperature. Using Eq. (4), we
extrapolate T SL2 (∞)→ 0.3 s for N > 107.
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FIG. 4: Spin locking using dynamic decoupling. (a) Room
temperature measurements of the spin-locking time T SL2 using
CPMG pulse sequences, performed for different numbers (N)
of pi90 pulses. The solid lines are fits to stretched exponent
in the form Px = (2FS − 1) exp
[−(Nτ/T SL2 )n], with FS ,
T SL2 and n being free parameters. (b) The same as (a), but
measured at T = 17 K. The light area represents a range of
the best fits within the standard deviation for FS and T SL2 .
The horizontal line indicates the (2FS−1)e−1 level. (c) State
preservation fidelity FS as a function of N at two different
temperatures, obtained from the quantum state tomography
in the limit τ → 0. (d) Spin-locking time T SL2 as a function of
N for two different temperatures (T = 295 K and T = 17 K).
The solid lines are fits to the power function of Eq. (4). At
T = 17 K, the spin-locking time follows T SL2 (N) = T
SL
2 (0)N
κ
with T SL2 (0) = 4± 1µs and κ = 0.83± 0.05.
To completely characterize the decoherence process in
the VSi defect subject to the CPMG decoupling proto-
col, we perform quantum process tomography [26, 34].
The process matrices are found to be diagonal within our
experimental error (±0.05) and application of the Pauli
twirling approximation [26, 35, 36] points at a spin-locked
subspace with an exceptionally long decoherence time in
accord with theoretical considerations [37–39]. Our ex-
periments on SiC hence demonstrate a 75-fold improve-
ment of the spin coherence associated with one particular
component compared to the earlier reported results on
this material [19].
Discussion — For actual quantum information pro-
cessing with arbitrary initial and final spin states, one
could use two-axis sequences like the XY-family, which
preserve all spin components equally [32]. However, these
5sequences are very sensitive to flip angle errors due to
imperfect pulse lengths [40]. We observe that after hun-
dred XY-4 pulses our measurements become unusable. In
case of the CPMG decoupling protocol with single rota-
tion axis, the spin component along this axis preserves its
value for thousands of pulses and describes a near-ideal
limit for the T2 coherence time [6, 41]. Using composite
pulse sequences [42], like in the Knill dynamic decoupling
(KDD) protocol, arbitrary quantum states can be pre-
served (as for the XY-family) while keeping robustness
against pulse errors (as for the CPMG pulse sequence).
Our measurements are restricted to SiC, but we ex-
pect similar behavior in other binary (or polyatomic)
compounds where spin-carrying nuclear isotopes are not
highly abundant, particularly, transition/alkali metal im-
purities in ZnO [43], MgO [44] and ZnSe [45].
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